Tfi? larval mtDNA Isolated from rj. virilis, ID. simulans and rj. melanogaster exists 1n complex molecular forms in addition to the simple monomeric circular form. The frequency of circular dimers and oligomers is highly elevated in apparently normal larval tissues. These complex forms of mtDNA are separable on agarose gels. Hind III restriction endonuclease and electron microscopic analyses used in the present study have revealed that circular dimers are simply the circular concatemers of two monomeric circles which are arranged in a head-to-tail structure with no detectable heterologous regions such as insertions or deletions. The electrophoretic patterns of Hind III digested mtDNAs of D. simulans and D_. melanogaster (sibling species) are identical and distinguishable from that of a distantly related species, D_. virilis.
INTRODUCTION
The mitochondrial DNA (mtDNA) of a variety of higher organisms occurs as double-stranded circular molecules with contour lengths of approximately 5 urn and a molecular weight of about 10 (1). MtDNA isolated from a number of normal mammalian organs has been shown to contain only a small per centage, 0.1 to 2%, of circular dimers and oligomers (2,3). Based on the analysis of mtDNA from several labs and their own observations with mtDNA of animal thyroids, Matsumoto et^ al_ (2) have concluded that an increased frequency of circular dimers is generally associated with genetically and physiologically abnormal cells (tissue culture lines, virus-transformed cells and malignant or pathological tissues) and that they occur only infrequently 1n normal tissues. They have also advanced the notion that while the frequency of circular dimers is near zero in normal tissues, there exists a small but significant variation which presumably depends on the type of tissue, species and other factors.
MtDNA of a number of species of Drosophila has been shown to be in the form of circular molecules with molecular weights ranging from 9.90 to 12.35 x 10 (4,5). Although 50 -90S of the total egg mtDNA from various species was isolated as open circles in these studies, no complex forms (catenanes, circular dimers and oligomers) of mtDNA were detected. In the present study, we have used restriction endonuclease and electron microscopic analyses to analyze the complexity of larval mtDNA of Drosophila.
MATERIALS AND METHODS
Three species of Drosophila used in these experiments are £. melanogaster, JL simulans and j). virilis. Since intraspecific polymorphism in mtDNA is known in several mammalian species (6,7) only inbred lines with homogeneous cytoplasms were utilized. The j). melanogaster line used is cn.bw-Madison. The origin of the cytoplasm of this line is not known. The D_. simulans line (D.s. 18) is an isofemale line established from a single, wild-caught female from the Raleigh, NC area. The D_. virilis line (D.v. 10) was also established from a single, wild-caught female from southern Japan.
All flies were grown on cornmeal media contained 1n half-pint bottles. The second and third instar larvae were collected from the bottles using 20% sucrose.
Isolation of mitochondria! DNA
In a typical experiment, 20 -25 g of freshly collected larvae were removed into ice-cold mannitol buffer (10 ml/g of larvae) consisting of 0.23 M mannitol, 0.07 M sucrose, 0.01 M Tris-HCL, 0.0O1 M EDTA, pH 7.6 and then homogenized with a motor-driven, tight-fitting teflon pestle. The homogenate was centrifuged twice at 482 x g for 15 minutes to remove nuclei. The supernatant was then centrifuged at about 11,000 x g for 20 minutes to obtain the mitochondrial pellet. The crude mitochondria were resuspended in mannitol buffer and purified through a step sucrose gradient according to Clayton 
Hind III restriction endonuclease digestion
Hind III was purchased from Miles Labs. Reaction was performed at 37°C in 50 mM NaCl, 6 mM Tris, pH 7.5, 6 mM MgCl 2 and 100 ng BSA/ml for two hours. In most cases, 1 yg of DNA 1n a total volume of 50 yl was used. The enzyme used in a reaction mixture was 3 to 4 times more than was necessary to completely digest 1 yg of lambda DNA in one hour. The reaction was quenched by heating the mixture at 65°C for five minutes.
Gel electrophoresis
Electrophoresis in 0.7 or 1% agarose gels was carried out according to Helling et^ aj_ (9). Electrophoresis buffer (E buffer) was 40 mM Tris, 20 mM sodim acetate, 2 mM EDTA, pH 7.8. Following electrophoresis, the gels were soaked for 30 minutes in ethidium bromide (1 yg/ml in E Buffer), then illuminated with a short-wave ultraviolet transilluminator (UV products) and photographed through an orange filter on Polaroid type 55 positive/negative film.
DNA was recovered from the gels using the freeze-squeeze method of Thuring et al_ (10).
Inter-and intramolecular renaturation
Intermolecular renaturation of the denatured lower band mtDNA was accomplished as described by Clayton et^ al_ (11) except that reannealing was carried out for 16 hours. Intramolecular renaturation of lower band mtDNA was achieved according to Locker et^ aj_ (12). In both instances, DNA was mounted for electron microscopy from a hyperphase of 40% formamide onto a hypophase of 171 formamide.
Electron microscopy
DNA was mounted by standard aqueous and formamide techniques (13). The DNA-prote1n monolayers were picked up on parlodion-coated copper grids, stained with uranyl acetate and mult1-direct1onally shadowed with a platinum-palladium wire. Grids were examined in a Siemens Elmiskop 1A or Philips EM300 microscope. Magnification was calibrated with a grating replica (2160 lines/mm). To determine the frequency of complex molecules, the molecules were selected at random and scored. Grids were scanned in such a manner as to avoid duplicate counting of the molecules.
RESULTS
The mtDNAs of £. virilis, £. simulans and D_. melanogaster embryos have been previously isolated as circular molecules (4,5). Their molecular weights have been reported to be close to 10 x 10 for D_. virilis and 12 x 10 for £. simulans and D_. melanogaster. Figure 1 shows the distribution of the lengths of larval mtDNA. We have determined the molecular weights of the circular larval mtONAs of these species relative to $X DNA by the aqueous and formamide techniques of electron microscopy (see Table 1 ). The In this study, mtONA was isolated by CsCl-ethidium bromide centrifiguration. Lower band mtDNA (covalently closed circular mtDNA) representing only 30 -40% of the total mtDNA was analyzed for complex forms of mtDNA. Attempts to obtain higher yields of lower band DNA were unsuccessful. The frequency of complex molecular forms of total mtDNA could not be determined because upper band contained only 20$ (or less) of the molecules in circular form. Lower band mtDNA was x-ray nicked before mounting on the electron microscope grids. All grids used in this analysis contained more than 90% of the total molecules in the relaxed form to allow unambiguous scoring of the complex mtDNA (2). Typical electron micrographs of such preparations are shown in Figure 2 . Table 2 presents the frequencies of complex forms of mtDNA in the larvae of three Drosophila species. Since only lower band mtDNA was analyzed, the frequencies of complex forms of mtDNA represent the minimal estimates, as discussed previously (3). Circular dimers, oligomers, and linears exceeding the length of a monomeric circle, were also seen in the upper band mtDNA. The percentage of circular dimers and oligomers in ]3. virilis, £. simulans and J). melanogaster were 7.5, 7.5 and 7.7%, respectively, suggesting little or no variation between species. However, significant variation in the frequency of the catenated forms was observed between species ranging from 0.6% in j). simulans to 1.6% in £. virills. In previous studies of Drosophila mtDNA which was isolated from the embryos, only a single class of monomeric circles was found.
Total mtDNA, Including upper and lower bands, was further analyzed by electrophoresis in 0.7% agarose gels. Four distinct bands, (a, b, c, and d) shown in Figure 3 , were readily visualized. These bands were separately re- Table 3 for D. melanogaster mtDNA agree with their reported values. The sizes of the restriction fragments (Table  3) in each species add up to the molecular weight of a monomeric circle. This suggests that circular dimers and oligomers are simply the multiple concatemers of the monomeric circles and do not contain major changes in the nucleotide sequences, i.e. deletions, additions, etc. The Hind III restriction patterns of £. simulans and J). meianogaster are indistinguishable from each other which is not unexpected of sibling species, j}. virilis, which is a distantly related species, produced a distinct restriction pattern easily recognizable from those of j). simulans and £. melanoqaster.
ABC
In an effort to determine whether circular dimers were composed of two monomeric units joined in head-to-head or head-to-tail fashion, relaxed lower band mtDNA was denatured and allowed to renature in a manner such that only self-renaturation took place. This DNA was immediately mounted and examined 1n the electron microscope. No double-stranded DNA was seen. Single-stranded monomeric and dimeric circles as well as linears were seen. Clayton £t al (11) have shown that circular dimeric mtDNA from human leukemic leukocytes is arranged in a head-to-tail fashion. The rationale of their experiment was that each single strand of a head-to-head circular dimer should be self-complementary and should therefore reanneal spontaneously to form linear duplexes upon self-renaturation. Since they failed to find any linear duplexes, they concluded that circular dimers were arranged 1n a head-to tail fashion. Ho linear duplexes were detected in our preparations. It 1s therefore evident that circular dimers of Drosophila mtDNA are also arranged 1n a head-to-tail fashion. Inter-molecular renaturation of lower band mt DNA was studied by electron microscopy. The various forms of heteroduplex molecules ( Figure 5 ) as The renaturation as observed 1n the electron microscope and restriction endonuclease analysis of larval mtDNA also support the notion that dimeric mtDNA of Drosophila, like vertebrate dimeric mtDNA, is essentially a doublesize copy of the monomeric genome with no detectable insertions or deletions. Moreover, monomeric genomes are arranged in a head-to-tail fashion in a circular dimer. This may be a universal feature of all vertebrate and Invertebrate animals. J). simuians and !)• melanoqaster are two very closely related species in that they form viable hybrids, while ID. virills is more distantly related. This is consistent with our observation that Hind III restriction endonuclease patterns of I), simulans and j?_. melanogaster are indistinguishable from each other, while that of D_. virilis can be easily recognized from the others. At present, we are attempting to more clearly define the interspecific differences in mtDNA of Drosophila by heteroduplex analysis and by comparison of the specific cleavage maps using various restriction endonucleases.
